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Abstract 

In this study, terahertz (THz) absorption and transmission of mono- 
layer M0S2 was calculated under different carrier concentrations. Re¬ 
sults showed that the THz absorption of monolayer M0S2 is very small 
even under high carrier concentrations and large incident angle. Equiv¬ 
alent loss of the THz absorption is the total sum of reflection and 
absorption that is one to three grades lower than that of graphene. 
The monolayer M0S2 transmission is much larger than that of the 
traditional GaAs and InAs two-dimensional electron gas. The field- 
effect tubular structure formed by the monolayer MoS2-insulation- 
layer-graphene is investigated. In this structure the THz absorption 
of graphene to reach saturation under low voltage. Meantime, the 
maximum THz absorption of monolayer M0S2 was limited to approxi¬ 
mately 5%. Thus, monolayer M0S2 is a kind of ideal THz Transparent 
Electrodes. 
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1 Introduction 


Transparent electrode has important prospective applications in the fields of 
photodetectors, light-emitting diodes (LEDsh vertical cavity surface emit¬ 
ting lasers (VCSELs), and solar cells, et al l|,[^. As a novel two-dimensional 
(2-D) material, graphene has high conductivity and very high light transmis¬ 
sion within the range of medium infrared and visible light frequency [3^- 
Thus, it is regarded as an ideal transparent electrode material. However, 
the plasmon of graphene exhibits very high terahertz (THz) absorption when 
the carrier concentration of graphene is high within the THz or far-infrared 
frequency range [s-li]. Therefore, graphene with high carrier concentration 
in THz frequency range is regarded as an absorption medium instead of a 
transparent electrode. 

The frequency of the THz range is mainly the spectrum within 0.1-10 
THz. Given its special properties, the spectrum of the THz range has broad 
applications in communication, medical imaging, radar detection, nonde¬ 
structive tests, and so on QQ. The t_nt electrode w.th.„ th. 
THz frequency range has important prospective ap plic ations in THz detec¬ 
tors, modulators, VCSELs, and phase shifters IsMtI. Il5l422l|. Numerous THz 


transparent electrodes have been suggested, including two-dimensional elec¬ 
tron gas (2DEG), ion-gel, two-dimensional arrays of metallic square holes, 
graphene with low carrier density, and indium-tin-oxide (ITO) nanomate¬ 
rials. However, Broadband ultra high transmission THz transparent elec¬ 
trodes is still very desirable. 

Recently, another 2-D material, namely, monolayer M 0 S 2 , has attracted 
much research attention, monolayer MoSp has high mobility ( r\j 410 cm^V ^s 
and excellent mechanical properties 2ilH34l| . However, its optical property 
is not the same as that of graphene. The monolayer M 0 S 2 band gap is not 
zero, which has a high absorption within the visible-light frequency range. 
This material can be used as a high-efficiency photoelectric detector mate¬ 


rial instead of an idea’ 

3I3II 


transparent electrode material within the visible light 


frequency [23143ll. l35l. l36|. So, the question about whether monolayer M 0 S 2 
can be used to make transparent electrodes within the THz frequency range 
is interesting. 
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This study investigated the monolayer M 0 S 2 absorption and transmis¬ 
sion at the THz wave band and compared its results with those of graphene 
and 2DEG. The results show that monolayer M 0 S 2 has lower THz absorption 
than graphene by one to three grades. When the carrier concentration was 
10^^ cm“^, the THz absorption of monolayer M 0 S 2 was less than 2.4% and 
its transmission was much higher than that of 2DEG. For example, when the 
carrier concentration was 8.4 x 10^^ cm“^, the relative transmission ampli¬ 
tude of InAs 2DEG was approximately 55%, and the relative transmission 
amplitude of monolayer M 0 S 2 could reach 95%. As a representative case, 
we calculated the held-effect tubular structure formed by monolayer M 0 S 2 - 
insulation layer-graphene, which would allow the THz of graphene to reach 
saturation under low voltage. The THz absorption by monolayer M 0 S 2 was 
approximately 5% at the maximum. 


2 Model and Theory 

The experimental results show that the dielectric constant of monolayer 
M 0 S 2 within the THz frequency range can be characterized by the Drude 


model e(cj) = £00 - where ul = 


Ne^ 


_ .p - is the plasma frequency 

[3^. Within the THz frequency range, the conductivity of graphene can be 


expressed as |37| ag = hr^-ihui ’ ^ is the reduced Planck constant, 

hr = 2.5 meV is the relaxation rate, ep is the Fermi level position with 
respect to the Dirac point, and u is the angular frequency of the incident 
THz radiation. The permittivity of graphene can given by £g{oj) = 1+*^^ = 
1 -|- where eo is the vacuum permittivity, is the conductivity of 

bulk materials, and dg = 0.34 nm is the thickness of graphene. 


The standard transfer-matrix method was used for the calculation 


37|, 


38l |. In the 1th layer, the electric field of the TE mode light with incident 
angle 9i is given by 




Aid 


iku(z-zi) 


+ Bie 


-iku{z-zi) 


and the magnetic field of the TM mode is given by 


AhyVf 




( 1 ) 


( 2 ) 
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where ki = kir + ikii is the wave vector of the light, is the unit vectors in 
the X direction, and zi is the position of the Ith layer in the z direction. 
The electric fields of TE mode or the magnetic fields of TM mode in the 



where and and 5(;_|_i)o] are the incident and outgoing 

Poynting vectors in (/-l)th [(/+l)th] layer, respectively, Soi is the incident 
Poynting vectors in air. 


3 NUMERICAL RESULTS 
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Figure 1: (Color online) The absorption (black solid line) and transmission 
(red dashed line) of monolayer M 0 S 2 as they change with the frequency. 
The inset shows that the dielectric constant of monolayer M 0 S 2 changes 
with the wave length, in which the black blocks and red dots are the real 
and imaginary parts respectively of the dielectric constant measured in the 
experiment 
of fitting. 


36l |. The black solid and red dashed lines represent the results 
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We calculated the absorption and transmission of monolayer M 0 S 2 when 

3.3 X 10^ cm ^ (same as the experimental 


THz ujp = 16.77 THz at N 


measurement result 


36l|l. The calculation result is indicated in Figure 1. 
The absorption rate of monolayer M 0 S 2 was less than 10“'^, its reflection 
rate was even smaller, and the transmission rate was larger than 0.9999. 
The main reason for this trend is that the effective quality of the monolayer 
M 0 S 2 carrier is relatively high, which causes low ion frequency and reduces 
the absorption of THz waves. Simultaneously, the real and imaginary parts 
of the monolayer M 0 S 2 dielectric constant are relatively small (see inset of 
Figure 1). The thickness of monolayer M 0 S 2 was very small at approximately 
0.65 nm, and thus the monolayer M 0 S 2 reflection rate and absorption is 
small. Consequently, monolayer M 0 S 2 has a very high transmission rate 
within the THz range. 
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Figure 2; (Color online)Contour plots of the equivalent loss of monolayer 
M 0 S 2 as a function of the frequency and the incident angles for the (a) TE 
and (b) TM modes. 


Even for oblique incidence, the monolayer M 0 S 2 has a very high trans- 
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mission within the THz range. The equivalent loss (i.e., 1-T, where T is the 
transmission ) of monolayer M 0 S 2 with carrier concentration 10^^ cm“^ as a 
function of the frequency and the incident angles for the TE and TM modes 
are shown in Fig. 2. When the incidence angle 9i increases, the equivalent 
loss of TE mode is enhanced and the equivalent loss of TM mode is reduced. 
But even for TE mode with 6i = 80°, the equivalent loss is only about 12%. 
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Figure 3: (Color online)contour line diagram of the monolayer M 0 S 2 ab¬ 
sorption (a), reflection (c), and transmission (e), which all change with the 
frequency and carrier concentration. The contour line diagram of graphene 
absorption (b), reflection (d), and transmission (f), which all change with 
the frequency and carrier concentration. 
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In a real THz device, the electrode usually has high carrier concentra¬ 
tion to reduce electrode resistance and increase grid voltage. We studied 
the THz absorption of monolayer M 0 S 2 , as well as the reflection and trans¬ 
mission under different carrier concentrations. As a point of comparison, 
we also provided the absorption, reflection, and transmission of graphene. 
The calculation results are presented in Figure 3. When carrier concentra¬ 
tion is increased, the ion frequency and THz absorption of monolayer M 0 S 2 
are increased, whereas the transmission is reduced. According to the Drude 
modes, the THz absorption of monolayer M 0 S 2 will decrease with the THz 
wave frequency. Even when the carrier concentration is at = 10^^ cm“^, 
the wave absorption of monolayer M 0 S 2 at a frequency of 0.2 THz is only 
2.4%. Thus, the reflection can be ignored, and the transmission is larger 
than 97%. In comparison, when the carrier concentration is at = 10^^ 
cm“^, the wave absorption at the frequency of 0.2 THz by graphene is as 
high as 46%. Meanwhile, the reflection is 16%, and the transmission is only 
37%. 



Frequency (THz) 

Figure 4: (Color online)The ratio of equivalent loss between monolayer M 0 S 2 
and graphene under different carrier concentrations. 
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To compare the THz transmission in monolayer M 0 S 2 and graphene, 
Figure 4 shows the ratio of equivalent loss between graphene and monolayer 
M 0 S 2 (the sum of reflection and absorption). When the carrier concentration 
is low, such as N = 10® cm“^ and / = 0.2 THz, the equivalent loss of 
monolayer M 0 S 2 is smaller than 4 x 10“^, which is three grades smaller that 
that of graphene. When the carrier concentration is increased, the ratio 
between graphene and monolayer M 0 S 2 is reduced. The main reason for this 
outcome is that even when the carrier concentration is low, such as N = 10® 
cm“^, the equivalent loss of graphene is still high, which is approximately 
4%. When the carrier concentration is increased, the increase in equivalent 
loss of graphene is limited, particularly when the carrier concentration is 
high. Thus, the equivalent loss of graphene is close to saturation. 
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Figure 5: (Color online) the relative transmission amplitude of monolayer 
M 0 S 2 , and compared with the experimental results of (a) GaAs 2DEG, and 
(b) InAs 2DEG 39| under different carrier concentrations. 








Under actual conditions, the transparent electrode normally remains on 
the surface of the base. We studied the effect of monolayer M 0 S 2 on the 
transmission of samples when it is on the base surface and compared it 
with the existing experimental results for 2DEG [^ . Thus, the relative 
transmission amplitude can be defined as trt = 1 + + Zoag- When 

N = 8.1 X10^^ cm“^, the relative transmission amplitude of monolayer M 0 S 2 
is still larger than 0.995, whereas in InAs 2DEG, this value is about 0.96 [see 
Eig. 5 (a)]. When N = 8.4 x 10^^ cm“^, the relative transmission amplitude 
of monolayer M 0 S 2 is still larger than 0.95, whereas in InAs 2DEG, this 
value is only approximately 0.55 [see Eig. 5 (b)]. Given that the change in 
actual transmission is the norm of the relative transmission amplitude, the 
effect of monolayer M 0 S 2 on the transmission is even smaller compared with 
2DEG. 
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Eigure 6: (Color onhne)The equivalent loss of monolayer M 0 S 2 , 
dimensional arrays of metallic square holes 17t|, Tri-layer graphene 
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Although the details of the transparent electrodes are different, we can 
still make a comparison with other THz transparent electrodes [Eig. 6]. The 
maximum equivalent loss of monolayer M 0 S 2 with N = 10^^ cm“^ is about 
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Voltage Voltage Voltage 


2.4%, which is much small than that of the ITO nanomaterials 1^ and tri¬ 
layer graphene [l^. The maximum transmission of two-dimensional arrays 
of metallic square holes can reach nearly 100%, but the average equivalent 
loss within broadband frequency regions of the metallic square holes can 
reach 20% [171. 
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Figure 7: (Color online)the contour line diagram of the (a) total trans¬ 
mission, (b) monolayer M 0 S 2 absorption, and (c) graphene absorption as a 
function of the frequency and grid voltage in the sandwich structure. 
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To reveal the properties of monolayer M 0 S 2 in real devices, we studied 
the THz absorption by the field effect formed by monolayer MoS 2 -insulation 
layer-graphene, as well as the regulation effect of the grid voltage between 
monolayer M 0 S 2 and graphene on THz. A similar structure was used to 
make the modem or detector for THz. When the thickness of the insulation 
layer is smaller, the grid voltage required for modulation will be smaller. 
But if the thickness of the insulation layer is excessively small, the tunnel¬ 
ing current will rapidly increase. The breakdown electric field of the Si02 
him is relatively strong and can reach 20 MV/cm In the calculation, 
the insulation takes 3 nm of the Si02 layer. The initial Fermi energy of 
monolayer M 0 S 2 and graphene is 0, and the calculation result is illustrated 
in Figure 7. When the grid voltage is 0, the absorption of THz by monolayer 
M 0 S 2 and graphene is very small, and the THz wave is almost completely 
broken down. When the grid voltage increases, the carrier concentrations 
of monolayer M 0 S 2 and graphene are increased and the THz transmission 
is reduced. When the grid voltage is at 6 V, its transmission is only 5%. 
However, the maximum absorption of monolayer M 0 S 2 is only 5.4%. Most 
of the voltage is absorbed or rehected by graphene. In this structure, the 
absorption of monolayer M 0 S 2 and graphene is not at the lowest frequency 
and the maximum grid voltage because most THz waves are reflected by 
graphene instead of being absorbed under very high carrier concentration. 


4 Conclusions 

The study demonstrated that the THz absorption by monolayer M 0 S 2 is 
very small over a broadband frequency range even under high carrier con¬ 
centration and large incident angle. Its equivalent loss is one to three grades 
smaller than that of graphene. The transmission of monolayer M 0 S 2 is much 
larger than that of traditional GaAs or InAs electron gas. We studied the 
held-effect tubular structure of monolayer MoS 2 -insulation layer-graphene, 
which allows the THz absorption of graphene to reach saturation even under 
low voltage even while the THz absorption of monolayer M 0 S 2 is only ap¬ 
proximately 5% at the maximum. Therefore, monolayer M 0 S 2 can be used 
to make transparent electrodes within the THz frequency range. This de¬ 


ll 



velopment has important prospective applications in optoelectronic devices 
within the THz frequency range. 
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